Abstract-This paper explores various options for increasing power transfer in the electric grid, such as compact transmission lines, high phase order (6 phase) system and use of high temperature low sag (HTLS) conductors. These methods were selected as they could be readily employed without the need for additional right-ofway. Changes in the electric and magnetic field, fault current due to the new methods employed have been calculated and compared with a traditional 3 phase single and double circuit lines. It has been shown that the increase in power transfer ranges from 17-53% when compared with traditional line configurations.
INTRODUCTION
Power systems worldwide are experiencing continual load growth due to increased urbanization and industrialization. It has been reported by the US Department of Energy that the electric energy demand has increased by 25% since 1990 but investment in transmission infrastructure has decreased by 30% during the same period [1] . In other parts of the world, such as Asia, South America and Africa, the energy demand is increasing much more rapidly than in North America and Europe. This has been handled over the years by adding new generation using conventional energy sources (fossil fuel, hydro and nuclear). Presently, there are severe constraints for building new generation facilities from nonrenewable sources and transmission systems to handle this growth. Constructing new transmission lines and increasing system voltage has been the conventional approaches for increasing power transferred from the source to the load. Obtaining new right of way for building new transmission lines is a very lengthy and expensive process in North America due to public pressure involving environmental and aesthetic issues. Therefore, it is not surprising that the electric grid is congested [2] [3] .
Presently there are renewable portfolio standards (RPS) established by the government agencies that are forcing utilities to incorporate generation from renewable energy sources such as wind and solar in their system [4] . These renewable sources tend to be far from the load centers. As many existing lines are already operating close to their rated capacity, the power from the renewable energy sources cannot be effectively utilized unless new lines are built or existing lines are modified to handle the additional power [2] [3] . The power transfer capability of high voltage transmission lines is determined by various factors such as sag due to conductor heating limits, operational stability, voltage regulation and economics [5] . The role of each factor on the power transfer capability depends on line length. While conductors sag due to ohmic heating frequently the limit for short transmission lines, stability and voltage regulation are major concerns for long transmission lines. This paper discusses the following techniques to increase power transfer utilizing the existing or reduced right of way:
i. Line compaction ii. Higher phase order systems iii. High temperature low sag (HTLS) conductors A 9-bus test system was used to study the effectiveness of the above techniques [6] .
II. LINE COMPACTION
Transmission line design is governed by the factors such as conductor voltage gradient, switching and lightning overvoltage, corona and reduced electrical strength due to insulator contaminations [5] [7] . Transmission structures must be designed such that the clearances (phase to phase and phase to tower) are able to withstand voltage surges, swinging and galloping of conductors during normal and abnormal weather (high winds, snow and ice) conditions. The minimum values of these clearances are determined by National Electric Safety Code (NESC) standards whose main consideration is maintenance (live and deenergized) [8] . In practice, these clearances are kept higher than recommended NESC values for protection against lightning, switching surges and conductor motion [5] [7] . There are methods to handle these constraints by using line arresters and interphase spacers [9] . Therefore, line compaction appears feasible.
Power transfer capability is inversely proportional to line reactance. For a transmission line, the positive sequence line reactance is given as.
Where, X 1 = Positive sequence reactance of line X s = Self reactance of line X m = Mutual reactance of line For a given line, Xs depends on the conductor properties and is constant. The mutual reactance, X m depends on the inter-phase distances. Compaction of the line results in increased mutual coupling, causing higher X m . Due to the net decrease in reactance of compact lines, power transfer capability is higher when compared to the conventional uncompact configuration [5] .
Three compaction techniques as shown in Figure 1 were evaluated for a 230 kV H -bridge tower with I-string insulators. The minimum phase to phase and phase to tower clearances required as per NESC are 1.6 and 1.24 m respectively. The standard configuration has phase to phase, phase to tower clearances and conductors height of 6.70, 3.0 and 15.5 m respectively. In compact configuration 1, the phase to tower distance is reduced to a minimum requirement of 1.24 m as per NESC standard. As a result, the phase to phase distance is reduced to 2.48 m at tower location. However, phase to phase distance can be further reduced to a minimum NESC requirement of 1.6 m. In compact configuration 2, using inter-phase spacers, the phase to phase distance is gradually reduced to 1.6 m at mid span. In compact configuration 3, the phase to phase clearance of 1.6 m is attained closer to the tower and is kept unchanged for the major portion of the line span. It was observed that 15-35% reduction in line reactance was achieved, when compared to standard configuration. The maximum reduction in line reactance was obtained by compact configuration 2 and 3. Theoretically, this will result in increasing the power transfer capability in the range of 17-53%.
The electric and magnetic field values at 1 m above the ground level across the right of way at the mid-span with sag of 7.4 m was calculated using a MATLAB ® program [5] [10]. Figure 3 shows the electric and magnetic field plots comparison between the standard and various compact configurations. Since the conductor position for compact configurations 2 and 3 are same, the electric and magnetic field will be identical to each other. It can be seen that the compact configuration helps in reduction of electric and magnetic field due to the reduced sum of field vectors. Composite insulators that were developed in 1970s are suitable for compact lines as they have better mechanical properties and are much lighter than conventional ceramic insulators. Composite insulators are however more vulnerable to damage from corona caused by high localized electric field at the insulator hardware junction. Suitably designed corona rings and grading rings are required to mitigate this problem as shown in Figure 4 [11] [12] . Compacting transmission line places a heavy burden on the line hardware design as electric field is enhanced due to reduced clearances.
The electric field distribution on insulators was determined using COULOMB-9.0, a software package based on boundary element method technique. Various tower structures such as H-bridge, tapered steel towers with I and V strings, and brace posts configurations with single and double circuit were modeled. The system voltage considered were 230kV, 345 kV and 500 kV. Adhering to NESC standards for minimum clearances, compaction up to 30% in tower dimensions and insulator dry arc length was investigated. To determine the optimum corona ring dimensions, a multi-stage model using the Gaussian process platform was developed. The Gaussian process is commonly used in deterministic computer experiments [13] . This optimization model takes system voltage and insulator dry arc length as inputs and gives corona ring diameter, tube thickness and placement from high voltage end of insulator. Maximum electric field of 0.45 kV/mm on the insulator sheath surface was the optimization criterion for building the model [12] . Consistent with the industry practice the results indicates that the corona ring diameter needs to be increased for higher voltage levels to control electric field.
III. HIGH (SIX) PHASE ORDER SYSTEM
The study of high phase order for delivering additional power for stability limited lines in existing right of way systems was started in 1970 by Barnes and Barthold [14] - [19] . The right of way of a transmission line is determined by tower size, electric and magnetic field values and mechanical factors such as wind velocity, conductor swing [20] . In high phase order systems, the line-to-line voltage is equal to or less than line to ground voltage as compared to a 3-phase system. Consequently, lesser air gap insulation is required for high phase order system, resulting in smaller tower structures as shown in Figure 6 . It can be observed that the 6 phase tower occupies only 62% of tower footing requirement for a typical 3 phase tower. However, smaller tower structures may lead to high electric and magnetic field values at the ground level.
Assuming mechanical considerations are same for the towers shown in Figure 6 with the span of 100 m, the rightof-way requirement is calculated for maintaining electric and magnetic field values within stipulated limits for the towers shown in Figure 6 . [7] . The results indicate that although the m field in 6 phase line is higher than 3 phase d electric field in the former decreases rapidly 3 phase double circuit line, as shown in Figu a lower right-of-way requirements for a 6 p shows minimum right-of-way requiremen configurations to meet the electric fie stipulated in [7] , keeping insulator length, co wind force constant. It can be observed that if a 3 phase dou converted to a 6 phase line, keeping line t constant, tower size and right of way req significantly reduced for same power tra However, if a 80 kV (line to ground) 3 pha lines is converted to 138 kV line to ground power transferred is increased in the same pr One of the major concerns for high ph has been fault analysis and protection set types in 6 phase transmission line are more a 3 phase system. There are 23 different fau for a 6 phase system, while only 5 fault typ phase system [22] . It makes the implementa scheme difficult with electromechanical rel fault analysis study based on symmetrical c transmission line has previously been done analysis was conducted for an IEEE test sys 4, 9 and 118 buses [23] . In this method, double circuit lines is replaced by a 6 phase the system was reduced into two equival impedances, connected at each end of 6 pha in schematically in Figure 8 . A MATLAB ® program was develope phase fault currents. The source impedan equivalent sources shown in Figure 8 was PowerWorld ® software package. For the phase double circuit fault currents were PSCAD ® . The results showed that the ratio maximum electric double circuit line, y compared to the ure 7, resulting in phase line. and lowest fault currents in 6 ph compared to the 3 phase system. F ratio of maximum to minimum conductor) is 8. A case study detailed in sect benefits of using HTLS conductor system.
V. APPLICATION OF DIFFERENT SYSTEM
An IEEE 9 bus system represen in Figure 9 . It consists of three gene 2 and 3 and load buses at 5, 6 and 8. shown in Table II . Further details of in [6] . The pie-chart on the top of tr 9 represents the percentage of the li flow results indicate that the line fr most congested line in the syste mentioned in previous sections are a to evaluate effectiveness in alleviatin Figure 9 . 9 bus test hase line is higher when For the 9 bus system, the fault currents (for each hase and a 3 phase system ying technologies, the mes is feasible. The details nd hence not included. It is interesting to note that if the line compaction technique is applied to the congested line (Case 1a), it worsens the situation. To ease the line congestion, the compaction technique should be applied to the neighboring lines, as depicted in Case 1b and 1c.
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B. Case 2: Using HTLS conductors on line 7 -8
As explained in the previous section, the ACSR conductor of line 7-8 is replaced by the HTLS conductor. The rating of the new line is increased by 90 MVA and corresponding loading is 41%. This eliminates the line congestion and enhances the overall power transfer capability of the system. If system load is increased other lines in the system result becomes congested. Table IV lists the most congested line due to increase in load at various buses. The study was carried out by converting line 7-8 to a 6 phase line and the impact on congestion was investigated. The line to ground voltage of 6 phase line was kept at 132 kV, equal to the line to ground voltage of 3 phase circuit of line 7-8. The study was carried out in PowerWorld ® by converting six phase impedance to equivalent 3 phase single circuit impedance [25] . Converting the line to 6 phase system increases capacity to 180 MVA. The results indicate that the power flow on line 7-8 is reduced to 44% from 83%. Table V indicates the congested line in the system if the load is increased. These results are in accordance if line 7-8 was converted to a three-phase double circuit line. The comparison of which was shown in Table I 
VI. CONCLUSIONS
Three different techniques for increasing power transfer in existing transmission network were investigated in this paper. The following can be concluded:
• Compaction of transmission lines not only increase the effective use of right of way but also reduce line reactance. This helps in reducing the congestion in transmission lines and increases available power transfer capability for stability limited lines. Compact transmission lines reduce electric and magnetic values and may be installed at areas requiring stringent electric and magnetic regulations.
• High phase order (6 phase) system was studied and it has been shown that for the same line to ground voltage, a 6 phase system is equivalent to a 3 phase double circuit system. However, for same power transfer, lower line to line voltages are required for a 6 phase system. Also, a 6 phase system requires lesser clearance for phase to phase insulation, requiring lesser right of way.
• Replacing regular conductors with HTLS conductors for thermally limited lines increases the power transfer capability of the system. In this case, the second most congested line becomes the most congested line in the system.
These techniques can be considered for future transmission designs for better utilization of right of way, reduce transmission expansion cost and meeting environmental constrains.
